Introduction
Epilepsy is one of the world's most common neurological disorders, and most evidence has supported status epilepticus (SE) as an important initial factor in triggering epileptogenesis. Even though the detailed pathogenesis remains unclear, a variety of evidence has indicated that hippocampal neuronal damage, including apoptosis and necroptosis, participates in epileptogenesis (Cheung et al. 2005; Dingledine et al. 2014; Murphy et al. 2007 ). However, recent findings have also provided novel insights into two other mechanisms associated with cellular death, namely autophagy and necroptosis, and their role in modulating the fate of neuronal cells (Hung et al. 2015; Vieira et al. 2014; Xu and Zhang 2011) .
In general, autophagy is a catabolic process that plays a vital role in cellular homeostasis by mediating the turnover of cytoplasmic constituents (McMahon et al., 2012) . In the autophagy process, it is widely recognized that the Beclin family member, Beclin-1, and the conversion of the nonlipidated-form of microtubule-associated protein 1 light chain 3 (LC3-I) to the phosphatidylethanolamine-conjugated form (LC3-II) are required. Up to now, several studies have indicated the involvement of autophagy impairment in progressive myoclonus epilepsies (e.g. Lafora disease), but detailed mechanisms of autophagy in epilepsy are unclear (Duran et al. 2014; McMahon et al. 2012; Polajnar and Zerovnik 2011; Puri and Ganesh 2012) . D r a f t Aurelian 2015; Dingledine et al. 2014) .
Curcumin, a biologically active natural compound (diferuoyl methane) acquired from the rhizomes of turmeric, is one of the precious chemical substances reported to possess pro-autophagy or anti-necroptosis efficacies (Akkoc et al. 2015; Buyuklu et al. 2014; Guan et al. 2016; Guo et al. 2016; McMahon et al. 2012; Seo et al. 2016; Xiao et al. 2013) . Curcumin hormesis may also mediate the cross-talk between autophagy and neuronal cell death in nerve disease (Duran et al. 2014; Rainey et al. 2015) .
Recent studies have suggested that curcumin can exert protective effects on epilepsy in animal models, but these findings mainly focus on anti-inflammatory and antioxidant aspects of its effects in modulating epileptogenesis, and little is known about the possible connection of its anti-epilepsy efficacy with modulation of autophagy and necroptosis (Ahmad 2013; DU et al. 2012; Jiang et al. 2015; Kaur et al. 2015 ).
This study aimed to assess alteration of autophagy and necroptosis together with the status of neuronal survival or death in epilepsy using the lithium-pilocarpine-induced SE rat model. In particular, we also explored the neuroprotective effects of curcumin against SE-induced hippocampal neuronal cell death through induction of autophagy proteins (Beclin-1 and LC3) and inhibition of necroptosis proteins The rat SE model was generated via injection of lithium-pilocarpine as previously described (Hu et al. 2012) . Briefly, all animals were randomly divided into four groups: the control, model, curcumin (low-dose), and curcumin (high-dose) groups. In the model group (n=6), lithium chloride (125 mg/kg, i.p., Sigma, USA) was administered 18-20 hours prior to the injection of pilocarpine (20 mg/kg, i.p., Sigma) in order to induce SE. In the curcumin-treated SE groups (n=6 for low-dose and n=6 for high-dose), before SE induction, rats were administered curcumin at a dose of 200 mg/kg/day or 300 mg/kg/day via gavage for 2 weeks respectively. Rats in the control group (n=6) were treated with normal saline. All rats were housed in the same environment. Continuous observation of animal behavior was performed after the successful establishment of the SE model. All rats were injected with 10% chloral hydrate (3 mL/kg, i.p.) for anesthetization. After decapitation, hippocampi were quickly removed from the brain at 4 h, 24 h, and 72 h post-SE, over ice-cold surfaces and frozen in liquid nitrogen. Animals for morphology research were perfused with saline and 4% paraformaldehyde.
Western blot analysis
The western blotting analysis was performed as previously described (Hu et al., 2012) . Hippocampal tissue samples were homogenized in lysis buffer, and lysates were separated using 10% or 12% sodium dodecyl sulfate polyacrylamide gel 
Transmission electron microscopy
Transmission electron microscopy was used to investigate changes of autophagy in the hippocampus. Briefly, the hippocampal tissues were cut into small pieces (~2 mm). After primary fixation of these sections in glutaraldehyde (2.5%) prepared in sodium cacodylate buffer (0.1 M, pH 7.2) for 2 h, post-fixation was carried out in osmium tetraoxide (1%) for 1-2 h followed by dehydration and embedding in araldite and DDSA medium. Soon after, tissues were baked at 65 °C for 48 h. Finally, tissues were cut into thin sections (60-90 nm) by ultramicrotome (Leica EMUC 67) and were stained with uranyl acetate and lead citrate (2%) for contrast. Examination of hippocampal sections was performed by transmission electron microscope (Tecnai G2
Spirit transmission electron microscope equipped with Gatan CCD/Orius camera at 60 kV).
Statistical analysis
Statistical analysis was performed using SPSS 18.0 software. All data were analyzed using one-way ANOVA followed by the Newman-Keuls test and are represented as mean ± SD. For statistical analysis, p < 0.05 was used to indicate a statistically significant result.
Results

Curcumin treatment and neuronal survival and death alterations in post-SE rat hippocampus
Nissl staining and TUNEL assay were used to detect neuronal survival and death in hippocampus in the experiment, respectively. As shown in Fig.1 (A, F) and Fig.2 (A,   F) , the number of apoptotic neuronal cells was markedly increased whereas the surviving neuronal cells were significantly decreased in post-SE hippocampus when compared with controls; this tendency was similar in almost all four regions of the hippocampus (CA1, CA3, DG, and H) at both 24-h and 72-h time points, except for the TUNEL result at the 72-h time point, which needs more exploration.
Quantification analysis results, including distinct hippocampal regions, also showed a similar tendency ( Fig.1 B-E, G-J and Fig.2 
B-E, G-J).
However, after pretreatment with curcumin, the number of apoptotic neurons markedly decreased and surviving neurons significantly increased at 24-h and 72-h time points. As shown in Fig.1 (A, F) and Fig.2 (A, F) , neuronal survival increased and the number of apoptotic neurons significantly decreased in almost all four regions of post-SE hippocampus (CA1, CA3, DG, and H) in the curcumin-treated groups when compared with the SE model group. Consistently, the quantification analysis results displayed the same tendency ( Fig.1 B-E, G-J and Fig.2 
Necroptosis expression alterations in post-SE rat hippocampus
In accordance with the changes of neuronal cell fate as described earlier by the results of the TUNEL assay and Nissl staining, the process of necroptosis also showed an alteration in post-SE rat hippocampus. According to immunohistochemical staining and Western blot results, two important proteins associated with the necroptosis process, MLKL and RIP-1, showed significant changes in expression in post-SE hippocampus and as well as in the curcumin-treated groups. In brief, the expression levels of MLKL and RIP-1 proteins increased significantly at 24 h and 72 h post-SE when compared with the control group (Fig.3 A, F, K, P and Fig.4 A) . However, the D r a f t 9 upregulation of MLKL and RIP-1 proteins was significantly inhibited in the curcumin-treated groups in a dose-dependent manner; the reduction of expression levels was more remarkable in the high-dose curcumin-treated group (Fig.3 B Fig.4 B, C) .
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Autophagy expression alterations in post-SE rat hippocampus
The expression levels of autophagy proteins in post-SE rat hippocampus were detected by Western blot analysis, and morphological changes of autophagosomes in hippocampus were observed by transmission electron microscopy. As shown in (Fig.5 A-C) . Consistent with this tendency, a decrease in surviving neurons ( Fig.1) and an increase in apoptotic neurons appeared at the 24-h time point post-SE (Fig.2) , and transmission electron microscopy also showed that the number of autophagosomes were reduced at 24 h after the initial increase at 4 h post-SE (Fig.5   C) . Contrary to autophagy, the expression of necroptosis proteins, MLKL and RIP-1,
showed adverse alterations at relative time points (Fig.2-Fig.4 ). Our research has thus clearly demonstrated that both autophagy and necroptosis participate in neuronal damage in the hippocampus post-SE and that curcumin indeed has neuroprotective effects against neuronal cell death through multifaceted mechanisms (ZhouBeevers and Huang 2011).
The interaction between autophagy, apoptosis, and necroptosis is quite intricate especially regarding autophagy, which could exert both harmful and beneficial effects in different situations (Gump and Thorburn 2011; Leber and Andrews 2010; Linkermann and Green 2014; Nikoletopoulou et al. 2013 ). According to our results, it seems that autophagy likely acts as a beneficial factor in response to harmful stimuli (e.g. SE and seizure attacks) and necroptosis and apoptosis seem to be the killers that lead to neuronal death in post-SE rat hippocampus. In addition, our study supports the idea that necroptosis can be considered a back-up method for apoptosis when apoptosis fails, since these two mechanisms cooperate to protect hippocampal 267x352mm (300 x 300 DPI)
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